Background: Male testosterone levels decline by 1% per year from the age of 40 years. Whilst a primary testicular deficit occurs, hypothalamic or pituitary dysregulation may also coexist. This study aimed to compare the hypothalamic response to kisspeptin-54 and the pituitary response to gonadotropin-releasing hormone (GnRH) of older men with those of young men. Methods: Following 1 h of baseline sampling, healthy older men (n = 5, mean age 59.3 ± 2.9 years) received a 3-h intravenous infusion of either vehicle, kisspeptin-54 0.1, 0.3, or 1.0 nmol/kg/h or GnRH 0.1 nmol/ kg/h, on five different study days. Serum gonadotropins and total testosterone were measured every 10 min and compared to those of young men (n = 5/group) (mean age 28.9 ± 2.0 years) with a similar body mass index (24 kg/m 2 ) who underwent the same protocol. Results: Kisspeptin-54 and GnRH significantly stimulated serum gonadotropin release in older men compared to vehicle (p < 0.001 for all groups). Gonadotropin response to kisspeptin-54 was at least preserved in older men when compared to young men. At the highest dose of kisspeptin-54 (1.0 nmol/kg/h), a significantly greater luteinising hormone (LH) (p = 0.003) response was observed in older men. The follicle-stimulating hormone (FSH) response to GnRH was increased in older men (p = 0.002), but the LH response was similar (p = 0.38). Serum testosterone rises following all doses of kisspeptin-54 (p ≤ 0.009) were reduced in older men. Conclusions: Our data suggest that healthy older men without late-onset hypogonadism (LOH) have preserved hypothalamic response to kisspeptin-54 and pituitary response to GnRH, but impaired testicular response. Further work is required to investigate the use of kisspeptin-54 to identify hypothalamic deficits in men with LOH.
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Introduction
Ageing is commonly associated with a decline in sex steroid production, with an estimated 20% of men in their 60s, and 50% of men in their 80s having total testosterone levels below the reference range (< 11.3 nmol/L) [1] . Whilst some men remain asymptomatic despite biochemical hypogonadism, others develop symptoms such as muscle weakness, loss of bone mass, cognitive decline, sexual dysfunction, reduced libido, and erectile dysfunction [2] . The existence of symptoms in combination with evidence of biochemical hypogonadism due to advancing age is termed late-onset hypogonadism (LOH).
Serum gonadotropin levels are used to distinguish primary hypogonadism (raised follicle-stimulating hormone [FSH]/luteinising hormone [LH] due to testicular dysfunction) from secondary hypogonadism (low FSH/LH due to hypothalamopituitary disorders). In the European Male Ageing Study, ∼9% of hypogonadism was labelled as primary hypogonadism, 50% as secondary hypogonadism, and 41% as "compensated hypogonadism," whereby an increased LH level (> 9.4 U/L) was required to maintain serum testosterone above 10.5 nmol/L [3] .
Some studies have contested whether total testosterone does fall with increasing age. In a recent cross-sectional study of 2,908 men in China, there was no decrease in total testosterone with age, although sex hormone-binding globulin (SHBG) and serum LH both increased with age, suggesting a degree of compensation for testicular insensitivity and the possibility of a decline in free testosterone levels [4] . Similarly, Kelsey et al. [5] did not find any evidence of a further reduction in total testosterone beyond the age of 40 years, although there was increased variability in total testosterone at older ages.
Previous studies have suggested that the fall in testosterone with age is due to a primary testicular defect, with an impairment of Leydig cell function [6] . Older men had a lower rise in serum testosterone following human chorionic gonadotropin (hCG) or LH administration when compared to younger men [7] [8] [9] . This is consistent with data from rodent studies suggesting reduced testicular sensitivity to LH in older rats and a defect in the LH-cyclic adenosine monophosphate signalling cascade [10] .
However, it is less clear whether there is also a hypothalamic or pituitary defect with ageing. As testosterone declines with age, there is a subsequent rise in gonadotropins consistent with reduced testicular sensitivity.
However, the rise in gonadotropins is not as great as that seen in younger men with hypogonadism, suggesting an additional hypothalamic-pituitary defect [10, 11] . Secretion of LH is also more disordered in older men [3, 12] and LH per burst is reduced [13] [14] [15] [16] , despite baseline LH secretion being increased [17, 18] . In the European Male Ageing study, obesity was the greatest determinant of the variance in total testosterone with age [2] . Importantly, the relationship between the fall in testosterone with age and obesity may be bidirectional, with a low testosterone also predisposing to an increase in body mass index (BMI) [2] . Thus, LOH is a complex condition that is often due to combined dysfunction at multiple levels of the hypothalamic-pituitary-gonadal (HPG) axis. It is therefore important to develop novel strategies to identify the site of defect in the HPG axis in LOH.
Currently, only pituitary function can be directly evaluated using gonadotropin-releasing hormone (GnRH) [19] . Gonadotropin response to GnRH is similar in older and younger men, suggesting that the pituitary remains responsive to GnRH [15] [16] [17] [18] . However, it has not previously been possible to directly evaluate the HPG axis at the hypothalamic level. Studies in aged rats demonstrated reduced hypothalamic GnRH release compared to young rats [9, 10, [20] [21] [22] [23] . There is a paucity of data in humans investigating whether hypothalamic GnRH release is impaired in older men. This is predominantly because of the impracticalities of directly sampling blood from the hypothalamopituitary portal vessels to measure GnRH release in humans, with only indirect assessment of hypothalamic GnRH function being possible. Graded inhibition of hypothalamic function with a GnRH receptor antagonist has suggested that ageing reduces hypothalamic GnRH secretion to cause relative hypogonadotropic hypogonadism in older men [24] . However, a reliable hormonal secretagogue that directly stimulates GnRH release in humans has not previously been evaluated. Kisspeptin is a recently identified regulator of puberty and reproduction that activates the HPG axis by inducing GnRH secretion from the hypothalamus [25] [26] [27] . Kisspeptin administration to men has been shown to potently stimulate reproductive hormone release [28] . Hence, kisspeptin has the potential to directly probe endogenous GnRH reserve in humans.
Based on the data above, we hypothesised that older men could have reduced hypothalamic GnRH reserve compared to young men. To test this hypothesis, we investigated whether the hypothalamic response to kisspeptin-54 and the pituitary response to GnRH are preserved in healthy older men. 
Materials and Methods

Participants
Healthy male volunteers aged > 50 years were recruited through newspaper advertisements. They underwent a detailed medical evaluation as part of the pre-study screening to assess their suitability. The screening visit involved obtaining informed consent, medical history, medication history, clinical examination, electrocardiogram, and the following blood tests: full blood count, renal profile, liver profile, bone profile, random glucose, thyroid profile, prolactin, LH, FSH, testosterone, and SHBG. Participants fulfilling the following criteria were recruited: no known medical problems or allergies, no medication use, no recreational drug use, no previous research study participation, and no blood donation within the preceding 3 months. Clinical examination, electrocardiogram, and blood tests were all normal. Five participants were recruited into the study. The details of their age, weight, BMI, and baseline serum gonadotropins and testosterone are presented in Table 1 .
Study 1: Determining the Effects of Kisspeptin-54 and GnRH on Gonadotropin Release in Older Men
This was a single-blinded study with the subjects being unaware of the intervention received. Participants attended the clinical research facility for five study visits, at least 1 week apart, and received a different intervention at each visit. Study visits all took place during the morning and lasted for 4 h in total. A summary of the study protocol for each visit is shown in Figure 1 .
Subjects were asked to refrain from strenuous exercise, sexual activity, and alcohol consumption for the 24-h period preceding each study visit. On arrival in the morning, participants were cannulated in both forearms and asked to lie supine. After 1 h of baseline blood sampling, an intravenous infusion of vehicle -kisspeptin-54 or GnRH -was commenced and continued for 3 h. During three of the five study visits, kisspeptin-54 was administered at each of the following doses previously shown to induce robust rises in serum LH [29] : 0.1, 0.3, or 1.0 nmol/kg/h. GnRH was administered at 0.1 nmol/kg/h, which has also previously been shown to significantly stimulate gonadotropin release [29] . Additionally, this allowed us to compare the effects of GnRH versus kisspeptin-54 at the same equimolar dose (0.1 nmol/kg/h). Blood samples were taken at 10-min intervals throughout the 4-h study period to measure reproductive hormones. Blood samples were collected in plain serum vacutainer tubes and allowed to clot prior to centrifugation and separation of the serum. The samples were centrifuged at 3,000 rpm for 10 min, separated, and then frozen at -20 ° C until analysis. The infusion rates were doubled in the first 30 min to rapidly achieve steady-state plasma levels during the infusion period [30] . Therefore, total doses of 0.35, 1.05, or 3.5 nmol/kg kisspeptin-54 peptide were administered during the 3-h infusions, with maintenance administration rates of 0.1, 0.3, or 1.0 nmol/kg/h, respectively. The total dose of GnRH administered was 0.35 nmol/ kg over the 3-h infusion, with a maintenance infusion rate of 0.1 nmol/kg/h. Participants had their blood pressure and pulse recorded on arrival and at regular intervals throughout the study.
Study 2: Comparison of the Gonadotropin Response to Kisspeptin-54 and GnRH in Older and Young Men
We have previously published the effects of vehicle, kisspeptin-54 (0.1, 0.3, and 1.0 nmol/kg/h) and GnRH (0.1 nmol/ kg/h), infusion in young men [29] . In order to compare the gonadotropin response to kisspeptin-54 and GnRH in older men to that in young men, we used data from study 1 of this paper and our previously published data from young men [29] . All study visits and hormonal analyses for both the young and the older group were undertaken between January 2013 to February 2014 using the same batches of GnRH and kisspeptin-54.
Peptide
Human kisspeptin-54 was synthesised by Advanced Biotechnology Centre (Imperial College London, London, UK) and further purified and tested as previously described [28] consistent with the standards for physiological research studies. Vials of freeze-dried kisspeptin-54 were stored at -20 ° C and then reconstituted with 0.9% saline. The rate of infusion was calculated based on body weight. A fixed volume of the peptide solution from the reconstituted vial was transferred into a 50-mL syringe containing Gelofusine (5% vol/vol) (B. Braun Medical, Sheffield, UK), which was used as the vehicle to minimise peptide absorption to the administration apparatus [31] .
Gonadorelin 100 µg (GnRH) was purchased from Intrapharm laboratories Ltd. (Maidenhead, UK). It was reconstituted with the supplied sterile solvent, which contained 2% benzyl alcohol and water for injection. A fixed volume of peptide solution was then transferred into a 50-mL syringe containing Gelofusine and infused at a rate determined by the weight-based calculation.
Hormonal Analysis
Frozen samples were defrosted and analysed for measurement of LH, FSH, and testosterone using automated chemiluminescent immunoassays (Abbott Diagnostics, Maidenhead, UK) within 6 months of the clinical studies being carried out. Reference ranges were as follows: 
Statistical Analysis Study 1: Determining the Effects of Kisspeptin-54 and GnRH on
Gonadotropin Release in Older Men. Statistical analysis of the data was performed by the study statistician (P.B.). Analyses were performed by modelling the response over time for each study group. To allow for variations in the baseline outcome values, the analysis considered the change in each parameter from the baseline value. The baseline hormonal values were considered to be an average of the first 30 min prior to starting the infusion of peptide or vehicle (average of hormonal levels from 30 to 60 min). To allow for the repeat measurements over time, the analysis was performed using multilevel linear regression. Two-level models were used with individual measurements nested within patients. Treatment group was considered to be a fixed effect. To allow a flexible curved relationship between time and the outcome variable, linear, squared, and cubic terms for time were included if found to improve the fit. Due to the relatively large number of combinations between pairs of groups, only comparisons with a p value < 0.01 were considered statistically significant. As both kisspeptin-54 and GnRH were administered at 0.1 nmol/kg/h, these two groups were also compared directly in order to evaluate the hypothalamic response to kisspeptin-54 administration and the pituitary response to GnRH at equimolar doses of kisspeptin-54 and GnRH, respectively.
Study 2: Comparison of the Gonadotropin Response to Kisspeptin-54 and GnRH in Older and Young
Men. Similar to study 1, the analyses were performed by modelling the hormonal response over time, with the added comparison between age and treatment group. To allow for the repeat measurements over time, the analy- sis was performed using multilevel linear regression. Two-level models were used with individual measurements nested within patients. To evaluate how the differences between treatments in terms of changes over time varied between age groups, the analysis included a three-way interaction between time, treatment, and age group. Due to the relatively large number of combinations between pairs of groups, only comparisons with a p value < 0.01 were considered statistically significant.
Results
Study 1: Determining the Effects of Kisspeptin-54 and GnRH on Gonadotropin Release in Older Men
Participant characteristics as well as baseline gonadotropin and sex steroid levels are presented in Table 1 . Neither serum LH (p = 0.88), serum FSH (p = 0.14), nor serum testosterone (p = 0.13) significantly differed at baseline. No participants reported any adverse effects.
LH. GnRH and all doses of kisspeptin-54 resulted in a significant increase in LH compared to vehicle (p < 0.001 for all), with the predominant increase occurring within 40 min of the start of the infusion (Fig. 2c, d, 3d-f) . LH increase was significantly higher following an equimolar dose of GnRH (0.1 nmol/kg/h) (Fig. 2d) than kisspeptin-54 (0.1 nmol/kg/h) (p < 0.001) (Fig. 3d) .
FSH. The results suggested a similar pattern to those observed for LH. GnRH and all doses of kisspeptin-54 resulted in a significant increase in FSH release compared to vehicle (p < 0.001 for all) (Fig. 2c, d, 3d-f) . As with LH, there was a significantly higher increase in FSH release in response to GnRH (0.1 nmol/kg/h) (Fig. 2d) compared to kisspeptin-54 (0.1 nmol/kg/h) (p = 0.004) (Fig. 3d) . Testosterone. There was a significant increase in testosterone following kisspeptin-54 0.1 nmol/kg, kisspeptin-54 0.3 nmol/kg, and GnRH (p < 0.01) when compared to vehicle. The rise in serum testosterone did not quite reach statistical significance following kisspeptin-54 1.0 nmol/ kg (p = 0.05).
Study 2: Comparison of the Gonadotropin Response to Kisspeptin-54 and GnRH in Older and Young Men
The baseline characteristics of the young men have previously been published ( Table 1) . The mean ± SEM were: age 28.9 ± 2.0 years, BMI 23.6 ± 0.7, LH 3.52 ± 0.43 IU/L, FSH 2.50 ± 0.25 IU/L, and testosterone 20.6 ± 2.0 nmol/L. LH. The LH responses in both older and young men following vehicle, GnRH, and kisspeptin-54 are presented in Figures 2 and 3 . The change in LH from baseline following each intervention in older and younger men is presented in Figure 4a . There was no significant difference in LH response between older and young men following kisspeptin-54 0.1 nmol/kg/h (p = 0.51), kisspeptin-54 0.3 nmol/kg/h (p = 0.38), or GnRH (p = 0.38) over vehicle. However, there was a significantly greater increase in LH over vehicle in older men following kiss- peptin-54 1.0 nmol/kg/h when compared to young men (p = 0.003) (Fig. 2, 3, 4a) . FSH. The FSH responses in both older and young men following vehicle, GnRH, and kisspeptin-54 are demonstrated in Figures 2 and 3 . The change in FSH from baseline following each intervention in older and younger men is presented in Figure 4b . There was no significant difference in FSH release over vehicle between older and young men following kisspeptin-54 0.1 nmol/kg/h (p = 0.13) or kisspeptin-54 0.3 nmol/kg/h (p = 0.13). A significantly increased FSH response over vehicle following GnRH 0.1 nmol/kg/h (p = 0.002) and a trend towards significance following kisspeptin-54 1.0 nmol/kg/h (p = 0.04) were observed in older men when compared to young men (Fig. 2, 3, 4b) .
Testosterone. Despite similar baseline testosterone levels, the increases in testosterone following kisspeptin-54 0.1 nmol/kg/h (p < 0.001), kisspeptin-54 0.3 nmol/kg/h (p = 0.001), and kisspeptin-54 1.0 nmol/kg/h (p = 0.009) were higher in young than older men (Fig. 2, 3, 4c) . There was also a trend towards a greater increase in testosterone following GnRH in young compared to older men (p = 0.02).
Discussion
There is an increased frequency of biochemical and clinical hypogonadism with age, which in the absence of other causes is termed late-onset hypogonadism (LOH). Evidence suggests that testicular sensitivity is reduced with age, although there may additionally be defects at the hypothalamus and the pituitary gland. Whilst it is possible to test the testes with hCG or recombinant LH, and the pituitary gland with GnRH, it has hitherto not been possible to directly test the hypothalamus. Therefore, we investigated whether the hypothalamic response to kisspeptin-54 was preserved in older men. In this study of healthy older men without LOH, we observed that the hypothalamic response to kisspeptin-54 and the pituitary response to GnRH were both at the very least preserved, although the testicular response was attenuated when compared to young men. Of note, BMI in older men was similar to that in young men (Table 1) . Thus, we could investigate hypothalamic response to kisspeptin-54 with age in the absence of confounding due to obesity or alterations in sex hormone milieu.
Mulligan et al. [16] suggested a testicular defect in the aetiology of LOH by demonstrating that there was a failure to increase serum testosterone in older men following 2 weeks of pulsatile GnRH administration. In a randomised, placebo-controlled study, they administered intravenous pulses of GnRH (100 ng/kg intravenously every 90 min) to 5 young men (aged 20-34 years) and 5 older men (aged 60-78 years). Whilst older men had more disorderly LH secretion at baseline, LH pulse frequency and amplitude could be normalised with pulsatile GnRH therapy. Likewise, in a further study by Bergendahl et al. [32] investigating the effect of stressors on gonadotropin secretion, it was noted that in the fed state, older men had lower LH pulse amplitude and LH pulse frequency compared to young men. Taken together, these findings suggest reduced testicular sensitivity, but preserved pituitary sensitivity, with increasing age.
At all doses of kisspeptin-54, gonadotropin response following kisspeptin-54 was at the very least preserved in older men. Strikingly, at the highest dose of kisspeptin-54 tested, the LH response was exaggerated in older men when compared to younger men, although the response to GnRH was unaltered. This finding would be consistent with increased hypothalamic sensitivity to kisspeptin-54 at GnRH neurones in older men. One could hypothesise that this occurred due to hypothalamic kisspeptin-54 neuronal ageing leading to reduced endogenous kisspeptin-54 secretion in older men and thus increased kisspeptin-54 receptor expression on GnRH neurones, as occurs in other models of HPG axis dysfunction [33] . However, although the serum FSH response also trended towards being increased in older men following the highest dose of kisspeptin-54 (p = 0.04), the FSH response was also significantly increased following GnRH in older men. Thus, the FSH response observed following the highest dose of kisspeptin-54 could additionally be explained by increased pituitary sensitivity to GnRH. These findings are consistent with studies demonstrating increased pituitary sensitivity to GnRH in older men [17] . Zwart et al. [17] observed a greater gonadotropin response to GnRH in older men (n = 10, mean age 66 years) when compared to younger men (n = 9, mean age 26 years). The discrepancy between the LH and FSH responses to kisspeptin-54 and GnRH could partly be ascribed to differences in baseline serum gonadotropin levels. The absolute rise in serum LH following GnRH correlates strongly with the rise in serum FSH, whilst higher baseline gonadotropin levels often result in exaggerated responses to GnRH [19] . Although non-significant, there was a trend towards higher baseline FSH levels in older men (3.7 vs. 2.5 IU/L), whereas baseline LH levels (3.7 vs. 3.5 IU/L) were more similar between the groups, perhaps reflecting a difference in inhibin.
In this study, there was a significantly greater gonadotropin response following equimolar doses of GnRH (0.1 nmol/kg/h) than kisspeptin-54 (0.1 nmol/kg/h) in older males (p ≤ 0.004), consistent with our previous observations in younger men [29] . The half-life of endogenous GnRH is 2-4 min [34] , whilst that of kisspeptin-54 is ∼27.6 min [28] , making any difference in pharmacokinetics unlikely to account for this observation. However, the greater gonadotropin response following GnRH is consistent with data suggesting that not all GnRH neurones express the kisspeptin-54 receptor and that some GnRH neuronal nerve terminals may not be contiguous with pituitary GnRH receptors [35, 36] .
Unexpectedly, the rise in serum testosterone was more marked following kisspeptin-54 at a dose of 0.1 nmol/kg/h than either GnRH or higher kisspeptin-54 doses. Whilst this could be a chance finding, it was consistent in both young and older groups. Hence, one could speculate that this might indicate a dose-related direct effect of kisspeptin-54 at the testes. Kisspeptin-54 receptors are present in the testes, and kisspeptin-54 has been observed to significantly increase hCG-stimulated testosterone response in monkeys, consistent with a direct testicular action [37] .
In summary, we have assessed the hypothalamic sensitivity to kisspeptin-54 and the pituitary sensitivity to GnRH in older men without LOH. We observed that the hypothalamic response to kisspeptin-54 is preserved in healthy older men. Thus, further studies evaluating the use of kisspeptin-54 to investigate the hypothalamic contribution to gonadal dysfunction in men with LOH are now indicated.
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